Marijuana (Cannabissativa) is one ofthe oldest and most widely used drugs in the world, with a history of use dating back over 4000 years (Harris et al., 1977; Abel, 1980; Mechoulam, 1986) .
The main psychoactive constituent of the marijuana plant, Autetrahydrocannabinol (A9-THC), was identified about 20 years ago (Gaoni and Mechoulam, 1964; Grunfeld and Edery, 1969; Mechoulam et al., 1970) . A'-THC, A*-THC, their active metabolites, and synthetic cannabinoids produce a unique spectrum of CNS-mediated behavioral, physiological, and cognitive effects (Dewey, 1986; Hollister, 1986) . However, until recently, very little was known about the cellular mechanisms through which cannabinoids act. Without evidence that cannabinoids act through a specific receptor coupled to a functional effector system, researchers were prone to study the effects of cannabinoids on membrane properties, membrane-bound enzymes, eicosanoid production, metabolism, and other neurotransmitter systems in vitro (Hilhard et al., 1985; Martin, 1986; Pertwee, 1988; Reichman et al., 1988) . As pointed out before (Howlett et al., 1990) most of the biochemical studies employed concentrations of A"-THC that were in excess of physiologically meaningful concentrations that might be found in the brain (for review, see Martin, 1986; Pertwee, 1988) . In addition, the criterion of structure-activity relationship was not met-that is, the potencies of various cannabinoids in the in vitro assays did not correlate with their relative potencies in eliciting characteristic behavioral effects (Martin, 1986; Howlett et al., 1990) . Particularly damaging to the relevance of these in vitro studies was the absence of enantioselectivity (Howlett et al., 1990) .
However, several groups have reported enantioselectivity of THC isomers in various behavioral tests in vivo. Martin's group found that the potencies of (-) and (+) forms of each of the cis and tram isomers of A9-THC differ by IO-to IOO-fold in producing static ataxia in dogs, depressing schedule-controlled responding in monkeys, and in producing hypothermia and inhibiting spontaneous activity in mice (Martin et al., 1981) . Hollister et al. (1987) showed cannabinoid enantioselectivity in human studies using indices of the subjective experience, or "high." May's group found enantioselectivity of a series of synthetic cannabinoids in tests of motor depression and analgesia (Wilson and May, 1975; Wilson et al., 1976 Wilson et al., , 1979 .
One of May's compounds, (-)-9-nor-9@-hydroxyhexahydrocannabinol (P-HHC), was used as a lead compound by Johnson and Melvin (1986) for the synthesis of a rather large series of structurally novel, classical and nonclassical, cannabinoids for studies of their potential use as analgesics (Fig. 1) . The synthetic cannabinoids share physicochemical properties with the natural cannabinoids and produce many behavioral and physiological effects characteristic of A9-THC, but are 5-1000 times more potent and show high enantioselectivity. Figure 1. Chemical structures of A9-THC and 5 synthetic cannabinoids. According to the nomenclature of Johnson and Melvin (1986) AY-THC, CP42,096, and CP50,835 are defined as members of the ABCtricyclic cannabinoid class. CP47,497 is a simple AC-bicyclic cannabinoid, and CP55940 is a hydroxypropyl analog of CP47,497. CP55,244 is an ACD-tricychc cannabinoid with a rigidly positioned hydroxypropyl moiety. All compounds, except CP42,096, are optically active and drawn in the correct absolute configuration. CP42,096 is a racemic mixture of 2 diastereomers (ratio 1: 1) with relative stereochemistry as drawn.
The availability of the nonclassical compounds revolutionized the study of the biochemical basis of cannabinoid activity.
Howlett's group used them in neuroblastoma cell lines to show inhibition of adenylate cyclase activity .
Such inhibition is enantioselective, and the pharmacological profile correlates well with that observed by Martin's group, which showed similar orders of potencies for the compounds in tests of mouse spontaneous activity, catalepsy, body temperature, and analgesia (Little et al., 1988) . Next, one of the nonclassical compounds, CP55,940, was tritiated and used by Howlett's group to identify and fully characterize a unique cannabinoid receptor in membranes from rat brain (Devane et al., 1988) . The results from the centrifugation assay showed that 'H-CP55,940 receptor binding is saturable, has high affinity and enantioselectivity, and exhibits characteristics expected for a neuromodulator receptor associated with a guanine nucleotide regulatory (G) protein.
Recently, we partially characterized and validated the binding of 3H-CP55,940 in slide-mounted brain sections and described assay conditions to autoradiographically visualize the CNS distribution of cannabinoid receptors in a number of mammals, including humans . In the present study, we more fully characterize the binding and show a complete mapping of cannabinoid receptors in the rat brain using quantitative receptor autoradiography.
Materials and Methods
The procedures used were described previously Herkenham, 199 1) . Optimization, kinetic, and competition studies were carried out using slide-mounted 30-pm-thick minced and molded rat brain "sausage" sections (Rothman et al., 1983) . Sections (from male Sprague-Dawley rats) were thaw mounted onto gelatin-coated ("subbed") slides, dried briefly on a hot plate at 30°C and stored in air-tight boxes at -35°C prior to use.
'H-(-)-CP55,940 (specific activity, 76 Ci/mmol) was custom radiolabeled at Dupont New England Nuclear (NEN) bv tritium reduction of (-)-CP6O,iO6 (Devane et al., 1988) andpurihed . Other cannabinoids were obtained from Pfizer, Inc. Their names and stereochemical configurations are shown in Figure 1 . Incubations and washes were in polyethylene cytomailers (CMS), each containing 8 sections on 4 slides in 10 ml of solution (Herkenham, 1988) . At the end of the wash period, slides were transferred to stainless-steel slide racks (30 slides/rack) and blown dry with slightly warm air from a hair dryer. Slides were scored and broken; the section-laden slide fragments were placed into vials, and 10 ml of detergent-fluor (Aquassure, NEN) was added. After equilibrating overnight, the radioactivity was counted by liquid scintillation spectrofluorometry. Cannabinoids are extremely hydrophobic (Garrett and Hunt, 1974) , so preliminary studies were performed to determine how to avoid ligand adherence to glass and plastic surfaces. The disposition of l&and during pipetting and dilution steps was checked in mock assays in which either 'H-CP55.940 or 'H-A9-THC fsuecific activitv. 0.07 Ci/mmol: nrovided by National Institute of Drug'Abuse) was substituted for cold'drug, and the solutions were assayed for radioactivity by scintillation counting. Tests were performed using "subbed" pipette tips and "subbed" cytomailers, and plain glass or silanized glass test tubes in place of cytomailers. Using solutions prepared according to the optimized assay conditions (see below), we found no differences between calculated and observed radioactivity in the initial pipetting from source containers or throughout the cascade of mock dilutions when using the untreated polyethylene tips and cytomailers, so protective coatings were deemed unnecessary.
Autoradiography was performed on 15-pm-thick sections of rat brain (male Sprague-Dawley; n = 12). Serial sections were saved for total binding, nonspecific binding, and counterstaining with cresyl violet. Binding conditions were incubation at 37°C for 2-3 hr in 50 mM TrisHCl buffer (pH, 7.4) with 5% bovine serum albumin (BSA) and 10 nM )H-CP55 940. Washing was at 0°C for 4 hr in the same buffer with 1% BSA. Foliowing a 5-min immersion in 0.5% formaldehvde in Tris-HCI buffer at 24°C~and subsequent brief dip in deionized-water, sections were blown dry. Slides were placed in x-ray cassettes (Wolf) and exposed to tritium-sensitive film (LKB or Amersham) for 1-3 weeks before developing . Sections were coexposed with tritium standards (Amersham high-density Micro-scales).
Developed films were illuminated with a light box (Northern Light) and digitized with a solid state videocamera (Sierra Scientific) and Macintosh II computer-based system for quantitative densitometry using IMAGE software (Wayne Rasband, Research Services, Branch, NIMH). Transmittance levels were converted to nCi/mg tissue wet weight using a best-fit polynomial equation relating transmittance levels to tissue equivalent values provided by Amersham. Binding was expressed as pmol bound/mg protein based on the known values of specific activity of the isotope, decay of standards, and the ratio of mg protein/mg tissue (approximately l/10). Brain structures appearing on the monitor were outlined by mouse control for determination of average density. Outlining was guided by reference to the corresponding Nissl-stained section and a rat brain atlas (Paxinos and Watson, 1982) . Right and left sides were pooled from 2-6 sections containing each structure, and the measures were averaged. The process was performed on images incubated for total and for nonspecific binding, and the difference was computed to determine specific binding for each structure (Table 1) . from Pfizer) in the incubation medium. Incubations without BSA gave no specific binding at all-counts were actually lower in the total than in the nonspecific condition (total, 8900 cpm/ section; nonspecific, 10,700 cpm/section).
Binding was relatively unaffected by preincubation in Tris Association and dissociation curves of 10 nM 'H-CP55,940 binding to rat brain "sausage" sections were determined by liquid scintillation counting. Total and nonspecific binding was determined at each time point. The data are expressed as the percentage of total specific binding (at equilibrium). According to Bylund (1980) , K,, (0.0 12 mini I) was determined from the slope of In@, -B) versus time, where B, is the binding equilibrium; k , was determined from the slope of ln(B/B,,) versus time, where B,? is the amount bound at equilibrium; and k,, = (K,, -Km ,)/I,,, where L, is the ligand concentration. The data points are from a single experiment and represent the difference oftoral and nonspecific binding, each determined by the average of 8 sections counted separately, typically with less than 15% variability. buffer with 100 mM NaCl for 30 min, at either 0°C or 24"C, or by the inclusion of 100 mM NaCl in the incubation medium. Incubations in 10% BSA gave lower total and lower specific binding. Binding was reduced by use of other buffers (potassium phosphate, HEPES, MOPS) or by increases or decreases in pH or Tris-HCl buffer concentration. The optimal wash condition was 4 hr in Tris buffer with 1% BSA at 0°C. Washes at 0°C for >4 hr or washes at 24°C for 1 hr gave lower specific binding. Specific binding was reduced by wash with 0.1% BSA (higher nonspecific), whereas 1% and 5% BSA in the wash gave similar results.
The next variables to be examined were temperature and time of incubation.
Virtually no binding occurred at o"C, binding at 24°C reached equilibrium at 16 hr of incubation, and binding at 37°C reached equilibrium at 4 hr and was typically 80-90% specific (with greater total binding than at 24°C). At 37"C, total binding dropped at time periods longer than 4 hr, reaching levels of nonspecific binding by 14 hr, suggesting ligand and/or recep- Concentration (PM) Figure 3 . Effects of guanine nucleotides (sources: Sigma and Boeringer Manheim) on specific binding of 10 nM )H-CP55,940. Nonhydrolyzeable analogs were used for GTP, guanylylimidodiphosphate (GMP-PNP, tetra-lithium salt); GDP, guanosine 5'-O-(2-thiodiphosphate) (GDP-Ps); and ATP, adenylylimidodiphosphate (AMP-PNP). Data are means + SD from 3-6 experiments and are normalized to specific binding (total minus nonspecific) in the absence of nucleotides. tor degradation at this temperature (Herkenham, 1990) . In preincubation tests, sections that were placed in nonradioactive incubation solution at 37°C for 2.5 hr and washed at 0°C for 4 hr before incubation had 80% of the total binding observed in sections not preincubated and prewashed, suggesting that degradation or loss of the receptor does occur in aqueous phases.
As reported previously (Herkenham, 199 I) , binding surface analysis (McGonigle et al., 1986; Rothman, 1986; Rothman et al., 1988 ) was used to determine parameters of binding with either 1% or 5% BSA in the incubation medium. Two concentrations of 3H-CP55,940
(1 and 10 nM) were each competitively inhibited by 12 concentrations of unlabeled CP55,940. Competitive inhibition curves were subjected to a computerized iterative curve-fitting program for determining best-fit parameter estimates (&, B,,,) . Using a single-site model, the apparent affinity (I&) ofCP55,940 in 1% BSA was 2.6 nM, and the binding capacity (B,,,) was 1158 fmol/mg protein (Herkenham, 199 1) . With 5% BSA, the apparent Kd was 15 nM, and the B,,, was 9 10 fmol/mg protein .
In order to test a large series of cannabinoid and noncannabinoid drugs for competitive inhibition of 3H-CP55,940 binding, the assay condition with 5% BSA was selected. This ensured that the hydrophobic cannabinoids would dissolve at the high concentrations required (at least for the drugs with low potency). Drug concentrations of 1O-4 M were achieved, which are much higher than the limit of solubility of cannabinoids in water or buffer without a carrier such as BSA (Garrett and Hunt, 1974; Bach et al., 1976) . We also found that variability of binding was reduced in the 5% BSA condition as opposed to 1% (data not shown).
The kinetics of association and dissociation were determined using the optimal assay conditions (10 nM 3H-CP55,940 in 50 mM Tris-HCl, pH 7.4, with 5% BSA at 37°C). The experiment was performed on parallel sets of sausage sections; one set was counted by liquid scintillation spectrofluorometry, and another was exposed to film for quantitative autoradiographic analysis. From scintillation counts, the association rate constant (k,,), determined by a pseudo first-order method (Bylund, 1980) , was 0.00038 min-I .nM-l (Fig. 2) . The dissociation rate constant (k-,), determined by infinite dilution after equilibrium binding, was 0.0079 mint (Fig. 2) . The equilibrium dissociation constant (Kd = k-,/k+,) was 2 1 nM. From densitometry, the k,, was 0.0011 min-'.nM-', the k-, was 0.0056 min-I, and the Kd was 5.2 nM. These values are in fairly close agreement with the Kd of 15 nM determined by competitive inhibition .
The relationship of cannabinoid receptor binding to G-proteins was examined in a set of experiments in which a range of concentrations of guanine nucleotides was added to the incubation solution. The results (Fig. 3) showed that the nonhydrolyzable GTP analog guanylylimidodiphosphate (GMP-PNP) profoundly inhibits binding of 10 nM SH-CP55,940 in a dosedependent fashion, and the GDP analog guanosine 5'-0-(2-thiodiphosphate) (GDP-P-S) inhibits binding with about x0 the potency. Both GMP and the nonhydrolyzable ATP analog adenylylimidodiphosphate (AMP-PNP) failed to inhibit binding at concentrations as high as 100 pM.
The competition curves (Fig. 4) for some of the synthetic cannabinoid compounds provided data for determination of inhibition constants (K,s). Similar analysis of a much larger series of natural and synthetic cannabinoids was reported previously . As shown in Figure 1 , (-)-CP42,096 is a tricyclic cannabinoid with an ABC ring structure similar to that of A9-THC, with a modification of the alkyl side chain at the C-3 position (Johnson and Melvin, 1986; Howlett et al., 1988) . (-)-CP50,835 is N-methyllevonantradol. Levonantradol has been extensively studied in clinical trials for its potential use as an analgesic (Johnson and Melvin, 1986 ). (-)-CP47,497 and (+)-CP47,497 are optically pure forms of (?)-CP47,497, the simplest biologically active bicyclic cannabinoid compound (Melvin et al., 1984; Johnson and Melvin, 1986; Howlett et al., 1988) . Finally, CP55,244 and CP55,243 are (-) and (+) forms, respectively, of the more rigid ACD tricyclic compounds that show high enantioselectivity. The lO,OOO-fold difference in potency of the 2 forms has been shown and discussed previously (Johnson and Melvin, 1986; Howlett et al., 1988; .
Anatomical distributions
The autoradiographic distribution of cannabinoid receptors in rat brain is shown in Figures 5-14 . Densitometry (Table 1) was performed on animal cases numbered 19-2 1, which are those presented in the coronal plane. Cases prepared before these show similar patterns of receptor labeling but typically have higher levels of nonspecific binding and inferior tissue quality. Factors contributing to optimization include working with a new batch of radiolabeled ligand (following partial degradation and loss of specific activity in the first batch due to storage in a concentration that was too high for stability), cutting thinner sections and rapidly drying them, and insertion of the formaldehyde and water rinses at the end of the washing step (this mild fixation procedure tended to prevent the sections from partially detaching from the slides, improving the tissue quality without altering binding characteristics). Variants that did not improve autoradiography included achieving isotonicity by adding NaCl or sucrose to the incubations and wash solutions and varying the slide preparation and section drying procedures.
In the descriptions that follow, specific terms are used to describe the following ranges of binding densities (in pmol/mg protein): very dense, >4; dense, 3-4; moderate, 2-3; sparse, l-2; and very sparse, < 1. The actual densitometric values for most structures described are given in Table 1 . Olfactory areas. In the main olfactory bulb, laminar patterns of binding corresponded with bulbar architecture. Very dense binding filled the ependymal and subependymal zones at the center of the bulb. Surrounding this was moderate binding in the cell-rich inner layers, including the granule and mitral layers. A slight decrement in density occurred in the internal plexiform layer. Very sparse binding characterized the external plexiform and glomerular layers and the olfactory nerve, though the glomerular layer was slightly elevated (Fig. 5 ). All portions of the accessory olfactory bulb had very sparse binding (Fig. 6a) . The anterior olfactory nuclei had moderate binding that was rather evenly distributed (Figs. 6a, b; 7b) . Throughout its extent, the olfactory portion of the anterior commissure had dense binding 7b) , whereas the lateral olfactory tract had very sparse binding (Fig. 6&e) . The primary olfactory (piriform) cortex had moderate binding rostrally, enriched in the deep half of the molecular layer (layer Ib) in the vicinity of the lateral olfactory tract (Fig. 6b-d ), but overall, it and the olfactory tubercle had only sparse binding (Figs. 6d-i, 7a,c) . Forebrain, neocortex. Binding in the cerebral cortex was somewhat evenly distributed, and the variations in density corresponded to both area1 and laminar features of cortical architecture. A rostral-to-caudal/ventral gradient of density was observed, with the frontal, parietal, and cingulate areas showing moderate binding, and the striate, temporal, retrosplenial, and entorhinal areas showing sparse binding (Figs. 6,7) . The general feature of laminar distribution in all cortical areas was a bilaminar pattern with peaks in layers I and VI and lower binding in the intermediate layers. However, changes in binding levels were not abrupt and, therefore, did not closely correspond with laminar borders (Fig. 8) . A notable exception was found in the prelimbic cortex (Cg3), where the peak in layer I was quite pronounced and an additional elevation was seen in layer III (Fig. 8) . Another clear association of changes in binding levels with lamination patterns was found in the primary somatosensory cortex (FrPaSS), where a trough of binding closely correlated with granular portions of layer IV and an intermediate peak was situated over layer Va (Fig. 8) .
Forebrain, hippocampal formation. The hippocampal formation showed strikingly dense binding relative to the rest of the cortex (Figs. 6, 7, 9 ). The dentate gyrus molecular layer had very dense binding, as did the CA3 region of Ammon's horn. Dense binding filled with CA1 region and subiculum. Within the CA fields, the highest levels of binding were in the stratum lacunosum moleculare and in narrow bands flanking the pyramidal cell layer. The granule cell layer of the dentate gyrus had sparse binding, and the hilus had moderate levels (Fig. 9) .
Parahippocampal areas showed heterogeneity of binding. The subiculum had dense binding, the presubiculum had selectively sparse binding, and the parasubiculum had moderate binding (Figs. 6, 7a-c) . The presubiculum had a bilaminar pattern of labeling, with peaks in the most superficial and deep layers (Fig.  61) .
The hippocampal binding patterns described above were more prominent in the dorsal than in the ventral hippocampus. In ventral hippocampus, the overall density was slightly lower, and the variability across areas and layers was reduced. Especially noticeable in this regard was the dense labeling found only in the dorsal and not in the ventral subiculum (Figs. 61, 7a-c) .
Forebrain, basal areas. The septum and basal forebrain had moderate binding throughout. Within the septum, the vertical limb of the nucleus of the diagonal band, medial septum, and intermediate nucleus of the lateral septum were elevated (Figs.  6e, 7b,c) . The lateral and postcommissural septal nuclei and the basal nucleus of the horizontal limb of the diagonal band were relatively lower.
The amygdala had sparse binding rather evenly distributed throughout. The medial nucleus showed the lowest level (Figs.  6h,i; 7~) . The nucleus of the lateral olfactory tract showed a moderate level (Fig. 10) . The bed nucleus of the stria terminalis had sparse binding (Figs. 6J: 7b) , and the stria terminalis itself showed a discretely localized external rim of elevated binding (Figs. 6h,i; 9; 1 la).
Basal ganglia. The densest binding in the entire rat brain was localized to the outflow nuclei of the basal ganglia, namely, the globus pallidus, entopeduncular nucleus, and substantia nigra pars reticulata (Fig. 6f-0 . Binding in the globus pallidus and the substantia nigra pars reticulata was denser laterally than medially ( Fig. 6&g,j; 7b; 1 le) . The white matter corresponding to the location of the descending striatonigral pathway was also densely labeled (Figs. 3c, 6i, 1 la-& . Binding in the caudateputamen showed a pronounced lateral-to-medial gradient of density; the dorsolateral striatum had very dense binding, and the ventromedial striatum, including the nucleus accumbens, had moderate binding (Figs. 6d-g, 7b) . Binding elsewhere in the basal ganglia was sparse. The ventral pallidum (Fig. 7a) , subthalamic nucleus (Fig. 1 la) , ventral tegmental area, and subsantia nigra pars compacta (Fig. 11 e) had sparse levels of binding.
Diencephalon, thalamus. The thalamus overall had sparse binding. Small density variations formed patterns that correlated with cytoarchitecture (Figs. 6g-i, 7, 10) . Binding in the reticular, intralaminar, and medial habenular nuclei was relatively lower than in other parts of the thalamus, and binding in the medial portion of the lateral habenula was relatively higher (Figs. 6i, 9) .
Diencephalon, hypothalamus. The hypothalamus had sparse binding that was slightly elevated over levels in the thalamus. Within the hypothalamus, several nuclei were selectively receptor sparse, notably, the suprachiasmatic (Fig. 6f) , supraoptic (Fig. lo), paraventricular (Figs. 6g, lo) , ventromedial (Fig. 6h,i) , and arcuate nuclei (Figs. 6h, 1 la) and the median eminence (Fig. 6 h, i) and infundibulum (Fig. 11 a) . Slightly elevated binding formed a rim around the ventromedial nucleus (Fig. 6i) . The mammillary nuclei showed heterogeneity of binding-the lateral mammillary nucleus was selectively receptor sparse, and the medial part of the medial mammillary nucleus was relatively receptor enriched (Fig. 1 lc) . The posterior hypothalamus, continuing caudally along the ventricle into the central gray region, was also relatively receptor enriched (Fig. 11) .
Midbrain and hindbrain. The brain stem had sparse to very sparse binding throughout. Nevertheless, considerable heterogeneity occurred in patterns that correlated with cytoarchitecture. In the mesencephalon, the lateral subnucleus of the interpeduncular nucleus had moderate binding (Fig. 60 . Slightly lower levels were found in the central gray and intermediate gray layer of the superior colliculus. The oculomotor and red nuclei had very sparse labeling, and the ventral tegmental areas, substantia nigra pars compacta, median raphe, remaining superior colliculus, pons, and reticular formation had generally sparse binding (Figs. 6j-1, 1 le) . The inferior colliculus had very sparse binding, especially in its central portion (Fig. 6m) .
The hindbrain also had sparse to very sparse binding, with a (Figs. 7c, 13~ ) than in the rostra1 portions very sparse labeling, and the nuclei of the isthmus region showed (Figs. 7c, 13~ ). The area postrema had sparse labeling (Fig. 13~ ). slightly elevated levels (Figs. 6n, 12a) . The parabrachial nucleus, Other areas with relatively elevated but still sparse binding were especially the dorsal part, had moderate levels of binding. More the dorsal (Fig. 13~ ) and ventral cochlear nuclei (Figs. 60, 7c) , caudally, the other area showing moderate binding was the nuhypoglossal nucleus, dorsal motor nucleus of the vagus (Fig.  cleus of the solitary tract, which was denser in the caudal and 13c), and inferior olive (Figs. 6p, 13~ ). Very sparse labeling was (Figs. 10, 1 l) , though an unidentified portion of its connective tissue occasionally showed moderately dense specific binding (Fig. 1 lc) . Cerebellum. The molecular layer of the cerebellar cortex had very dense labeling throughout all portions of the cerebellum 7a, b; 12; 13) . In contrast, the cerebellar granular layer had very sparse binding, and the deep cerebellar nuclei had the lowest level of binding found in the brain (Figs. 60; 7a,b; 12~).
Spinal cord. Patterns of labeling were similar at all levels of the spinal cord, represented by a cervical level in Figure 14 . The ventral horn showed very sparse binding. Binding was slightly higher in the substantia gelatinosa and lamina X.
Discussion
Binding characteristics The present and recent studies (Devane et al., 1988; ) using 3H-CP55940 as a ligand have revealed for the first time evidence for a unique cannabinoid receptor that meets the criteria of saturability, specificity, pharmacological significance, and unique pattern of localization in brain. As discussed elsewhere (Devane et al., 1988; , earlier attempts to characterize the cannabinoid receptor by the use of 3H-A8-THC (Harris et al., 1978) or 3H-A9-THC (Roth and Williams, 1979) were unsuccessful because these cannabinoids bind with low affinity and have low specific activities. Technical problems associated with ligand hydrophobia were also encountered. Use of a water-soluble cannabinoid ligand, 3H-5'-trimethylammonium A*-THC('H-TMA), was attempted (Nye et al., 1985) . However, it does not act like a cannabinoid in most animal tests, binds with a relatively homogeneous distribution in brain, and has low affinity for the presently described receptor . A diverse series of cannabinoids displaced 3H-TMA binding but without correlation to known biological activities (Nye et al., 1985) . The binding site for this compound was described as a myelin basic protein of unknown function (Nye et al., 1988 (Nye et al., , 1989 ). Thus, the 'H-TMA binding site is clearly different from the presently described cannabinoid receptor.
Previous characterization of 'H-CP55,940 binding to slidemounted sections of rat brain showed that the binding has high affinity (apparent Kd = 15 nM), high capacity (B,,, = 900 fmol/ mg protein in whole-brain "sausage" sections), and is competitively and selectively inhibited by cannabinoid drugs with relative potencies that correlate highly with their potencies in most well-characterized tests of cannabinoid pharmacology and physiology . In this study, the association and dissociation experiments confirm the high affinity and demonstrate that 3H-CP55,940 binding is reversible. They also show that binding is slow to reach equilibrium. Whether this reflects a physicochemical property of cannabinoids or something about the molecular nature of the interaction of the drug with the receptor is not known. The rationale behind performing the experiment for autoradiographic analysis was based on the fact that the autoradiographic image produced by tritium emissions comes from the topmost few micrometers of tissue (Rogers, 1979) . Comparing rates of association by scintillation counts versus autoradiography addresses the possibility that slow penetration of ligand into the tissue is responsible for the slow rate of association. Dissociation might be more difficult to interpret, as radiolabel would elute out of the sections by passing from deep through superficial parts. In fact, the rate of association at the surface (autoradiography) was about 3-fold faster than throughout the section (scintillation counting), and this feature was the major determinant of the higher affinity determined by autoradiography (Kd = 5.2 vs. 21 nM). However, the general similarity of results obtained by the 2 methods suggests that penetration is not a major determinant of time to reach equilibrium.
Another possibility for the slow time to reach equilibrium is that cannabinoids must dissociate from the carrier (BSA) in order to associate with the receptor. Arguing against this process as a contributor to the slow rate of association is the finding that the association rate in incubation solution with lo/o BSA was similar to that with 5% BSA (Herkenham, 1991) . In addition, Devane et al. (1988) , using a different assay and no BSA, found that equilibrium was reached afier incubation for 1 hr at 30°C. Future work with ligand binding in vivo may shed light on physiological rate-determining mechanisms, and studies of the location of the drug recognition site on the receptor molecule may provide clues at the molecular level.
Extending our previous findings , we show that the inhibition of binding of 10 nM 3H-CP55,940 by nonhydrolyzable analogs of guanine nucleotides is dose dependent (Fig. 3) . The magnitude of inhibition of binding of 10 nM 'H-CP55,940 by GMP-PNP suggests that the low-affinity state in this assay has a very low affinity, though that Kd is unknown from these data. The model of G-protein interactions with a receptor-agonist ligand complex proposed by Gilman (1987) holds that the receptor is in a low-affinity state when associated with a G-protein in the presence of either GTP or GDP. GDP is rapidly replaced by GTP if it is available, which maximally promotes the low-affinity state. Thus, the present data are consistent with this model because both GTP and GDP inhibit the binding, but GTP is about IO-fold more potent. The lack of potencies of GMP and AMP-PNP supports the model of G-protein interaction and shows that the binding is not coupled to other nucleotide-utilizing proteins.
The G-protein-coupled adenylate cyclase second-messenger system, mapped by )H-forskolin binding (Worley et al., 1986) , is enriched in brain areas that comprise a subset of areas rich in cannabinoid receptors. This anatomical correspondence, the very high abundance of cannabinoid receptors, and the profound inhibition of binding by guanine nucleotides suggest that cannabinoid receptors are closely associated with this second-messenger system. Functional studies lend direct support for this hypothesis. The relative potencies in vivo for inhibition of adenylate cyclase by several cannabinoids in cell lines (Howlett, 1987; Howlett et al., 1988) correlates with their potencies in vitro. Recently, Matsuda et al. (1990) have used the adenylate cyclase assay and structure-activity relationships to show that a cloned G-protein-coupled receptor is a cannabinoid receptor in transfected cells. The similarity of rat brain distribution of the radiolabeled mRNA probe for the cloned receptor with the presently described cannabinoid receptor distribution further suggests that they are the same entity.
The competition curves (Fig. 4) for several synthetic cannabinoids can be compared with similar kinds of data for other cannabinoids ). For all cannabinoids tested, the derived potencies (IC,,s or Kis) correlate very closely with relative potencies in behavioral tests . Notably, (?)-CP42,096 and N-methyllevonantradol are equipotent and about lo-fold more potent than (-)-CP47,497 and (+)-CP47,497 in both the binding assay and tests of analgesia in mice (Johnson and Melvin, 1986; Howlett et al., 1988) . As noted previously , the enantioselectivity of the (-) and (+) forms of CP55,244 is striking-their potencies differ by more than lO,OOO-fold in vitro, a separation predicted by the more rigid structure of the molecule ( Fig. 1 ; Johnson and Melvin, 1986) and by potencies in vivo (Johnson and Melvin, 1986; Little et al., 1988) . In contrast, the less rigid bicyclic enantiomers of CP47,497 show little enantioselectivity in both the binding and the behavioral assays . These results suggest that enantioselectivity ofthese compounds is, in large part, determined by the precise stereochemical orientation of moieties in and surrounding the spatial domain of the pyran ring (B-ring) of A9-THC, a region proposed to consist of inner lipophilic and outer hydrophilic zones that interact with the receptor cavity .
Functional anatomy Motor systems. The most striking aspect of cannabinoid receptor distribution in rat brain is the dense localization in discrete parts of the basal ganglia and cerebellum. The basal ganglia and related subcortical structures comprise the extrapyramidal motor system, and this system, together with the cerebellum and its connected structures, subserves many forms of movement control. Information flow in the basal ganglia follows circuitry through the striatum and its efferent targets, the globus pallidus, entopeduncular nucleus, and substantia nigra. Very dense cannabinoid receptors selectively occupy the full extents of these outflow nuclei. Receptors are dense also in the location of the striatal efferent pathway, suggesting that this entire array of dense labeling may represent receptors on axons and terminals of striatofugal neurons. Indeed, such "presynaptic" localization of cannabinoid receptors was confirmed in studies showing the loss of receptors in the striatum, pallidum, and nigra following destruction of striatal neurons with ibotenic acid (Herkenham et al., 1989) .
Outside the domain of the striatal efferent neuron, cannabinoid receptors in the extrapyramidal motor system are sparsely distributed. Notably, very few receptors are found in the nuclei that receive pallidal and nigral projections (subthalamic nucleus, ventromedial thalamus). Of the striatal afferent sources, only the cerebral cortex has moderately dense receptors, whereas the afferent thalamic and nigral dopamine neurons are receptor sparse.
A striking feature of cannabinoid receptor localization in the basal ganglia is the gradient of binding density in the neostriatum such that the dorsolateral sector of the head of the caudateputamen is greatly enriched in receptors, and the ventromedial sector has only moderate levels. The area of receptor enrichment closely coincides with the sensorimotor portion of the striatum that receives afferent inputs from the primary sensory and primary motor cortex in the rat (McGeorge and Faull, 1989) . The densest part of the enriched region is rather ventral within this dorsolateral district (Fig. 6e) , coinciding with the recipient zone of projections from the primary motor cortex (Kelley et al., Brain 1982) . Given the topography of striatal efferent projections, it is also noteworthy that the receptor-rich lateral striatum is connected with the relatively receptor-rich lateral globus pallidus and substantia nigra pars reticulata. Examination of patterns of cannabinoid receptor binding in other mammals ) reveals that the selective enrichment in the 3 outflow nuclei of the basal ganglia is a common feature (though in monkeys and humans, the external segment of the globus pallidus is typically lower in receptor density than the internal segment). The lateral-to-medial striatal gradient is unique to the rat among the species examined. No evidence of compartmental heterogeneity of striatal binding has been found in the rat or any of the other species examined thus far.
Another noteworthy feature of receptor patterns is the low binding in the ventral pallidum. Several cytoarchitectonic and neurochemical markers reveal a continuity ofthe globus pallidus proper with the ventral pallidum (Switzer et al., 1982) , but cannabinoid receptors clearly distinguish the 2 sectors. The ventral pallidum receives inputs from the ventral striatum, including the nucleus accumbens. By its connectivity, the ventral pallidum has been associated with the limbic system, and it may be part of the neural systems mediating rewarding drug selfadministration in rats (Hubner and Koob, 1990) . Thus, in the rat at least, cannabinoid receptors distinguish the 2 major functional compartments of the corpus striatum: They are dense in the sensorimotor compartments and relatively sparse in the ventromedial, "limbic" domain (Kelley et al. 1982) .
The basal ganglia and the cerebellum are likely sites for mediation of cannabinoid actions affecting movement. Inhibition of movement is typical, though a hyperreactivity to stimuli has been noted in mice (Dewey, 1986) . A separation of cannabinoid effects has been noted such that A9-THC, which has relatively high affinity for binding to the cannabinoid receptor and shows psychoactivity, has both a stimulatory and an inhibitory component, whereas cannabinol and cannabidiol, which have very low affinity ) and which do not show psychoactivity, have only depressant actions on motor function (Dewey, 1986) . Cannabinoid effects on movement are also dose dependent. At low doses, cannabinoids decrease spontaneous activity, and at higher doses, they elicit catalepsy in mice (Little et al., 1988) . (Cataleptic mice are conscious and remain for long periods of time in fixed postures with normal muscle tone; Pertwee and Greentree, 1988).
Basal ganglia involvement in the motor effects is suggested by several research findings. A9-THC injected directly into the caudate causes catalepsy in rats, though A'-THC injected into the globus pallidus does not (Gough and Olley, 1978) . A'-THC injected into the nucleus accumbens increases spontaneous activity at low doses and has no effect at high doses (Conti and Musty, 1984) . Neurochemical blockade of the striatal dopamine system, by reserpine or haloperidol administration, potentiates A4-THC-induced catalepsy (Moss et al., 1984) .
Rapid, profound, and prolonged tolerance to a number of A9-THC effects has been documented (Dewey, 1986) . Perhaps this is why movement depression (other than sleepiness and lethargy) is typically not observed experimentally in human subjects, most of whom have had prior history of marijuana use (Manno et al., 1970; Jones and Benowitz, 1976) .
In the cerebellum, cannabinoid receptors homogeneously and densely fill the molecular layer in all lobes of the cerebellar cortex, without any obvious regional variations in density. Work in progress with strains of mice with genetic defects leading to cerebellar pathology indicates that dense receptors in the molecular layer are localized to axons of cerebellar granule cells (M. Herkenham, B. Groen, A. Lynn, B. decosta, and E. Richfield, unpublished observations). Thus, analogous to the arrangement found in the basal ganglia, a single neuronal element in the cerebellum may contain the dense receptors, whereas connected structures have very sparse receptors (deep cerebellar nuclei, red nucleus, ventrolateral thalamus, pons, inferior olive, and other brain-stem nuclei).
Receptors in the cerebellum are candidates for sites mediating ataxia produced by cannabinoids. We have previously suggested cerebellar mediation ofthe static ataxia elicited by cannabinoids in dogs on the basis of elevated receptor density in the cerebellum in this species relative to other species, notably human .
The cerebellum may have roles other than control of movement. It is now well known that the cerebellar molecular layer is enriched in receptors for numerous types of neuropeptides, monoamines, and other transmitters, often in the absence of evidence for neuronal inputs containing these substances, suggesting parasynaptic, or hormonal, modulation offunction (Herkenham, 1987) . Other brain areas with similar enrichments in numerous kinds of neuromodulator receptors are typically found in the domain of the limbic system or forebrain circuits mediating complex, multimodal information flow. Cerebellar pathology has been associated with schizophrenia (Weinberger et al., 1980) and autism (Courchesne et al., 1988) . Perhaps cerebellar cannabinoid receptors fall in a class of receptors that play some role in cerebellar processing of cognitive information.
Cerebral cortex. A major territory of dense receptor accumulation is the cerebral cortex. Cannabinoid receptors are moderately dense throughout the cortex and show greater binding in the frontal cortex than elsewhere, and somewhat lower levels in more ventrally situated cortex, including the auditory, piriform, and entorhinal areas. In most areas, the labeling is bilaminar, with peaks in layers I and VI. In areas with a well-defined granular layer IV, a noticeable trough of binding overlies the granular portions. In the prelimbic and primary motor and somatosensory areas, a third minor peak is measured in layers III and Va, respectively. Densitometry reveals that the density changes are gradual across layers (Fig. 8) . Though many other families of receptors have homogeneous, dense, and bilaminar distributions, they do not show this appearance ofsteady density transition spanning layers. The distributions suggest that cannabinoids might have a very global and undifferentiated effect on cortical neuronal excitability, exerting influences on pyramidal neurons in all layers by occupying receptors on distal dendrites in the upper layers and basal dendrites in deeper layers. Modulation of outflow is suggested by the dense location of receptors in layer VI, which contains neurons that have long projections to brain stem and spinal cord.
Cannabinoid effects on cortical electrophysiology and seizure susceptibility can be biphasic, with low doses of A'-THC producing excitation and higher doses producing depression of electrical activity (Turkanis and Karler, 198 la,b, 1987) . Cannabidiol shows only depressant actions at all doses (Turkanis and Karler, 198 la) . Several animal models of seizure susceptibility have provided sufficient data to suggest that some cannabinoid actions follow structure-activity relationships, and thus may be receptor mediated, and some do not. In rats, low doses of Ay-THC and 11 -OH-A9-THC evoke focal cortical epileptic bursts in a dose-dependent fashion, but cannabidiol has no effect even at high doses (Turkanis and Karler, 1982) . In one rabbit strain, cannabinoids elicit convulsions at low doses and with relative potencies predicted by the structure-activity relationship (Consroe et al., 1982) .
The biphasic nature of cannabinoid effects on cortical electrophysiology has a parallel in cortical metabolism. A recent autoradiographic study has shown that A9-THC produces dosedependent biphasic increases and decreases in 2-deoxyglucose uptake in rat brains (Margulies and Hammer, 199 1) . Similar biphasic effects are achieved with CP55,940 administered at lower doses (Margulies and Hammer, 1990) .
The widespread and dense distribution of cannabinoid receptors in the cerebral cortex is similar to the cortical distribution of benzodiazepine receptors. Colocalization on cortical neurons may provide a mechanism for cannabinoid potentiation of the anticonvulsant actions of benzodiazepines. A series of cannabinoids, with potencies that closely follow analgesic activity (Koe et al., 1985 ) and K,s at the receptor ( Fig. 4 ; potentiate the effect of diazepam on elevation of threshold for convulsions caused by pentylenetetrazol in mice (Koe et al., 1985) . The same cannabinoids stereospecifically inhibit in vivo binding of 3H-flunitrazepam binding in mouse brain at doses predicted by the structure-activity relationship (Koe et al., 1985) .
It is likely that cortically localized receptors mediate at least some of the psychoactive effects of cannabinoids. Biphasic perceptual and psychic changes occur with acute marijuana administration: The initial euphoria or "high" is followed by drowsiness. Time sense is altered, subjects have difficulty in concentrating, and dreamlike states are prominent (Hollister, 1986) . The marijuana "high" is described in terms that include pleasant, relaxed, dizzy, flight of ideas, hungry, introspective, and numbness in the body (Hollister and Gillespie, 1974) . Levonantradol (CP50, taken orally produces drowsiness, sedation, thought disturbances, and dizziness, with dysphoria more likely than euphoria (Johnson and Melvin, 1986) . Dysphoria has been reported also with AS-THC administered orally in clinical settings (Sweet et al., 198 1) .
Hippocampus. Cannabinoid receptors are dense in the hippocampus, with highest levels localized to the dentate gyrus molecular layer and the CA3 fields. The cellular elements that contain the receptors are not known at present, though subpopulations of dentate granule cells have been shown to express cannabinoid receptor mRNA (Matsuda et al., 1990) . Additional information would be helpful to promote understanding of how cannabinoids affect hippocampal functioning. A9-THC effects on hippocampal excitability in viva (Weisz et al., 1982) and in vitro are biphasic (Foy et al., 1982; Kujtan et al., 1983) with low doses enhancing orthodromic field potentials and high doses depressing evoked responses. Consistent but contradictory effects on recurrent inhibition suggest involvement of intrinsic GABA neurons (Weisz et al., 1982; Kujtan et al., 1983) .
In human studies, A'-THC disrupts selective aspects of shortterm memory tasks analogous to deficits measured after damage to the hippocampus and associated cortical areas (Miller and Braconnier, 1983; Aigner, 1988) . The hippocampus is pivotally involved with coding of sensory information (Eichenbaum and Cohen, 1988) and storage of memories (Thompson et al., 1983) . In animal studies, A'-THC but not cannabidiol disrupts performance in tasks that require vigilance or estimating passage of time (Schulze et al., 1988; Deadwyler et al., 1990 ). A9-THC produces deficits in delayed matching-to-sample tasks as do hippocampal lesions (Deadwyler et al., 1990) . A"-THC impairs tone discrimination in the same dose ranges that suppress rat dentate gyrus granule cell responses to sensory (auditory) information in the perforant path (Campbell et al., 1986a,b) .
O/factory structures. Labehng in the main olfactory bulb is highly confined to the innermost layers, a pattern not seen with other receptors, which are typically localized to the external plexiform layer. This discrete localization resembles the pattern of termination of centrifugal projections from the anterior olfactory nuclei (Broadwell, 1975) . Axons of the crossed portion of this projection pass in the anterior limb of the anterior commissure, which is selectively labeled with cannabinoid receptors. Another target of anterior olfactory nuclei projections is layer Ib of rostra1 parts of the primary olfactory cortex, which also shows selectively elevated cannabinoid binding in the same rostral portion (Broadwell, 1975) . Thus, it is possible that part of the pattern of labeling in the olfactory system can be attributed to receptors distributed throughout the axons and terminals of neurons of the anterior olfactory nucleus. a hypothesis that can be tested experimentally.
Hypothalamus and pituitary. Cannabinoid receptors are sparsely and rather homogeneously distributed in the hypothalamus, with lowest densities in the magnocellular nuclei. In the pituitary, very sparse receptors are confined to the neural lobe. Cannabinoid effects on endocrine function do not show appropriate structure-activity relationships, suggesting that they are not mediated by the cannabinoid receptor (Pertwee, 1985) . A'-THC elevates plasma corticosterone and ACTH levels in rats (Pertwee, 1985) and this effect disappears when the hypothalamus is deafferented but otherwise left responsive and intact with the pituitary (Puder et al., 1982) . A possible central site of action is the hippocampus, where A"-THC has been shown to inhibit corticosterone uptake (Drew and Slagel, 1973) and compete with moderate affinity (IC,,, of 250 nM) in vitro for 'Hdexamethasone binding to glucocorticoid receptors (Eldridge et al., 1990) .
Cannabinoids produce hypothermia in mice in a dose-dependent and enantioselective fashion, with potencies consistent with the structure-activity relationship (Little et al., 1988) . Ay-THC reduces body temperature following intraventricular injections or injection directly into the preoptic area (Fitton and Pertwee, 1982; Martin, 1986) suggesting mediation by hypothalamic cannabinoid receptors. Lower brain stem and spinal cord. Cannabinoid receptors are rather sparsely distributed throughout the brain stem and spinal cord. However, systemically administered cannabinoids do elicit certain autonomic responses, and, to the extent that they are receptor mediated, some of the regional variations in density may be relevant.
The lethal dose of acutely administered AY-THC in animals is approximately lOO-lOOO-fold greater than the dose that affects spontaneousactivity (Harriset al., 1977) . With intravenous administration of AX-THC in mice, the drop in body temperature and lethality are dose dependent (Yoshimura et a1.,1978) ; both are prevented by warming the animal (Fitton and Pertwee, 1982) . Lethality resulting from injected high doses may be also related to nonspecific actions of such a hydrophobic compound (Harris et al., 1977) .
There are virtually no reports of fatal cannabis overdose in humans (Harris et al., 1977; Hollister. 1986 ). The safety is likely due to the paucity of receptors in medullary nuclei that mediate
Receptor Localization i n Rat Brain vital respiratory (Millhorn and Eldridge, 1986 ) and cardiovascular functions (Kalia, 1981) . Drugs known to depress respiratory and cardiovascular functions (e.g., opiates and benzodiazepines) have high levels of binding in the medulla (Atweh and Kuhar, 1977; Zezula et al., 1988) . A9-THC causes tachycardia in humans and bradycardia in animals (Dewey, 1986) . In both, it causes a fall in blood pressure. Cannabinoids may modulate noradrenergic sympathetic activity (Vollmer et al., 1974) . Such control could occur in the intermediolateral cell column of the thoracic spinal cord or in rostra1 centers with afferent connections. Nuclei in this circuitry are typically receptor sparse. One candidate for control is the caudal part of the nucleus of the solitary tract, which has moderate binding and sends axons to the intermediolateral cell column (Loewy and Burton, 1978) . Receptors in more cephalic centers of the neuraxis might be responsible, which could help to explain why similar distributions across species nevertheless mediate tachycardia in humans and bradycardia in animals.
One of the therapeutic uses of cannabinoids is the treatment of glaucoma (Hollister, 1986) . A9-THC is known to reduce intraocular pressure, and the effect in experimental animals requires intact noradrenergic sympathetic fibers derived from the superior cervical ganglion, with probably a central as well as ganglionic site of action (Green and Kim, 1976; Green et al., 1977) . This response may be receptor mediated because it occurs at relatively low doses intravenously and does not occur when relatively inactive cannabinoids-cannabinol and cannabidiol-are administered (Liu and Dacus, 1987) .
Another therapeutic application of cannabinoids, their antiemetic action (Hollister, 1986) , is not easily explained by receptor distributions. The emetic reflex centers for chemical stimuli -the area postrema, parvocellular medullary reticular formation (PRF), and visceromotor nuclei (Borison et al., 198 l) are all receptor sparse. Possibly, receptors in the nucleus of the solitary tract, which abuts the area postrema, may mediate the effects. Alternatively, the antiemetic actions of dopamine antagonists may suggest much more remote sites ofaction, perhaps in the basal ganglia (Borison et al., 1981) . Forebrain afferents to the PRF include the substantia nigra pars reticulata and central nucleus of amygdala (Mehler, 1983) , both elevated in cannabinoid receptors.
The analgesic effects of cannabinoids are, in part at least, mediated by actions at the level of the spinal cord (Gilbert, 198 1; Yaksh, 198 1) . Several cannabinoid drugs have been shown to inhibit spinal reflexive responses to noxious stimuli given to dogs with spinal transections (Gilbert, 198 1) and to rats following intrathecal administration (Yaksh, 1981) , but data are insufficient to determine a structure-activity profile. Cannabinoid receptors in the spinal cord are sparse but relatively elevated in the dorsal horn where primary afferents carrying noxious inputs terminate. The periaqueductal gray is an additional way station in the pain circuit that has low levels of cannabinoid receptors that are nevertheless elevated over levels in adjacent territories.
Conclusions
Cannabinoids administered to both animals and humans elicit characteristic motor, cognitive, analgesic, and autonomic effects that occur at low doses, suggesting that they are mediated by specific receptors in the CNS. Structure-activity relationships generated experimentally show that many of these effects are mediated by the presently identified cannabinoid receptor. Anatomical localization provides likely brain sites of action through which the cannabinoids act. The alteration in motor and cognitive functions elicited by cannabinoids can be understood by the wealth of receptors in the basal ganglia, cerebellum, hippocampus, and cerebra1 cortex. Therapeutic effects of marijuana smoking on spasticity and ataxia associated with multiple sclerosis (Meinck et al., 1989) may be mediated by receptors in motor areas. Analgesic and autonomic effects of cannabinoids, thought to be promising therapeutically, do not have clear anatomical bases insofar as receptors are generally quite sparse in the brain-stem areas that mediate such effects. However, cannabinoid receptors are quite plentiful throughout the brain, showing greater absolute density than peptide receptors, for example. Furthermore, some brain-stem and spinal cord structures show relative elevations in density that might offer bases for several physiological effects of cannabinoids that hold promise as therapeutic effects. The relative elevations in the nucleus of the solitary tract and the dorsal horn of the spinal cord suggest that these sites mediate cannabinoid effects on autonomic functions and pain thresholds. 
